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I 
The measurements described in this paper were made in order to 
find out how the net photochemical action of light falling on a cell of 
circular cross-section may be greater in the half of the  cell  farther 
from the source of light.  It is known that in air the cylindrical, fight- 
sensitive sporangiophore of Phycomyces bends toward a single source of 
light, and that the bending is due to a difference in the rates of growth 
or extension of the ceil wall on opposite  sides of the growing zone. 
With symmetrical illumination of the growing zone there is no bend- 
ing, but a temporary acceleration of growth, the light growth response. 
The conclusion is therefore unavoidable that when parallel light strikes 
the sporangiophore from one side, the bending which ensues is caused 
by relatively more growth, and hence relatively greater photochemical 
action, on the side farthest from the  source of light.  Since absorp- 
tion certainly occurs as light passes through the sporangiophore, how 
is this possible? 
Blaauw  (1914)  regarded the  sporangiophore  as  a  cylindrical lens 
which, because of its relative transparency, concentrated light on the 
back wall of the ceil in a zone of relatively high intensity.  Blaauw and 
more recently Nuernbergk (1927)  were forced to  conclude that  the 
brightly illuminated zone on the back wall, even though flanked on 
both sides by large areas of relative shadow (cf.  Fig.  1 A), served to 
call forth a greater growth acceleration than was produced at the cell 
wall nearest to the light.  Even neglecting absorption in the cell, this 
would mean that a certain amount of light concentrated in a small area 
of the cell is more effective than the same amount of light spread over a 
larger  area.  If  there  were  small,  separate  zones  of  reception  and 
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reaction within the cell, this idea might conceivably be correct.  The 
radial symmetry of the sporangiophore and the fact that the region of 
sensitivity to light coincides with the region of growth do not support 
the idea.  Barring the existence of such cell "organs," explanation of 
this anomalous action of light in the terms used above is contrary to 
the whole theory of phototropism as based upon differential photo- 
chemical action. 
Oehlkers (1926)  concluded from inadequate experimental evidence 
that lens action alone would not explain the positive phototropism of 
Phycomyces in  air.  He  suggested that  total  reflection at  the back 
wall of rays passing through the peripheral parts of the cell would 
increase the net absorptive path of light within the far half of the cell. 
Unfortunately the  total  reflection  diagramed in  Oehlkers'  paper is 
physically impossible, as a glance at his incorrect geometrical construc- 
tion will show. 
The solution offered in this paper is based upon the following assump- 
tions:  (1) that bending is a consequence of unequal absorption of light 
in the two halves of the cell; (2) that the primary action of light is on 
the cell protoplasm rather than on the wall;  (3)  that the substance 
which absorbs light is uniformly distributed within the cell. 
The first assumption is axiomatic.  The second  implies  that  the 
protoplasm of one half of the cell reacts to light more or Iess as a whole, 
at least as regards the production of a differential growth increment. 
That half of the cell reacts as a whole may merely mean that there is 
time for the diffusion or transport of photochemical products through- 
out part of the cell.  The latent period of several minutes duration in 
the response of Phycomyces to light may furnish the time necessary for 
such "summation."  In any case, the light growth response of Phyco- 
myces is not an immediate, passive stretching of the cell wall under the 
influence of light. 
The  third  assumption is  supported by  the  observation  that  the 
growing zone of the sporangiophore appears filled with an undifferen- 
tiated  mass  of  protoplasm,  without  a  central  sap  vacuole.  The 
protoplasm of  this zone  moreover contains  a  yellow pigment.  As 
far as can be judged by eye, this pigment is distributed throughout 
the protoplasm.  The following argument would need only numerical 
correction were it  shown that  there  is  in  fact  a  small  central  sap E.  S.  CASTLE  51 
vacuole, or that the pigment is mainly located in the peripheral layers 
of protoplasm. 
II 
Consider a sporangiophore of Phycomyces growing in air and struck 
by a single beam of parallel light at right angles to the long axis of the 
cell, as in Fig. 1 A.  For  simplicity, only  half of  the incident beam 
is represented.  In the following calculations the cell has been treated 
as  an  optically  homogeneous cylinder of  refractive  index  1.38  (cf. 
Castle, 1933). 
If the  cell in Fig.  1 A  is bisected at  right  angles to  the beam of 
incident light,  as indicated by the dotted line,  the relative distance 
traversed by each ray of light in each half of the cell may be measured 
on the diagram.  Table I  gives these measurements for a  cell similar 
to  that in Fig. 1 A, the cell radius being taken for convenience as 10 
ram.  If  the  distances  in  the  two  halves  be  /1  and  12  respectively, 
corresponding to the halves of the cell nearest and farthest from the 
source of light, then for the central ray only 
ll  ~  12 
For all other rays 
ll  <  12 
By actual measurement on the diagram, it can be shown that for the 
whole cell 
z  q,) 
---- 1.32  (approximately)  z  (l,) 
Since the density of radiation striking the cell in Fig.  1 A  is repre- 
sented by the arbitrary  spacing of the parallel lines, it might be sup- 
posed that an increase in density would alter the ratio just determined. 
A more accurate result is obtained by solving graphically for the limit- 
ing case, when the density of incident radiation is infinite.  Geometri- 
cally,  this means allowing the distance between the parallel lines to 
become infinitely  small.  This  distance  is measured in  angular  co- 
ordinates by sin i, where i is the angle of incidence of each ray on the 
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to sin i, between the limits sin i  =  0 and sin i  =  1. 
11 and/~ from Table I  are plotted against sin i. 
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FIC. 1.  Diagrams showing light pathways within the sporangiophore of Phyco- 
myces.  At the growing zone the cell is assumed to be a homogeneous cylinder of 
protoplasm of refractive index 1.38.  For convenience, rays in only one half of the 
cell are drawn in.  A -- cell in air; B -- rays of light striking the back wall in A 
are shown here partially reflected back into the cell; C -- cell in paraffine oil of 
refractive index 1.47. E.  S.  CASTLE  53 
TABLE  I 
Angles of incidence and refraction, loss of intensity by reflection at front wall of 
cell, and length of path of light rays in the front and back halves of the cell. 
Angle of incidence 
degrees 
0.0 
2.9 
5.4 
7.7 
11.7 
14.6 
17.8 
20.2 
23.8 
26.8 
30.1 
33.6 
37.0 
40.6 
44.5 
48.4 
53.4 
58.3 
64.3 
72.3 
90.0 
Intensity loss by 
reflection 
per ee~ 
2.6 
2.6 
2.6 
2.6 
2.5 
Angle of refraction 
degre~ 
0.0 
2.1 
3.9 
5.6 
8.4 
mm. 
10.00 
10.00 
9.98 
9.91 
9.80 
i0.00 
10.00 
10.00 
10.00 
10.00 
2.5 
2.5 
2.5 
2.6 
2.6 
2.7 
2.8 
2.9 
3.0 
3.3 
3.8 
4.6 
6.3 
9.6 
18.3 
100.0 
10.6 
12.8 
14.5 
17.0 
19.1 
21.3 
23.7 
25.9 
28.1 
30.5 
32.8 
9.71 
9.59 
9.43 
9.25 
9.04 
8.80 
8.50 
8.16 
7.82 
7.39 
6.90 
35.6 
38.1 
40.8 
43.7 
46.4 
6.29 
5.62 
4.78 
3.52 
0.00 
9.96 
9.94 
9.93 
9.92 
9.89 
9.89 
9.88 
9.85 
9.83 
9.90 
9.99 
I0.10 
10.22 
I0.45 
II.05 
13.80 
The radius of the cell is taken for convenience  as 10 nun., the index of refra~ion 
as 1.38.  11 and/~ were measured on the original of Fig. 1 A. 
two curves measure the summated distances traversed in the respective 
quadrants of the cell. 
So t 1~  Area under Curve l~ 
d sin i 
ffi  1.26 
So I  Area under Curve ll 
It d sin i 
In other words, the total absorptive path is 1.26  times longer in the 
half of the cell farthest from the source of light,  due to  refraction 
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Fzo. 2.  Lengths of light pathways in the two quadrants of the cell shown in Fig. 
1 A plotted against the sine of the angle of incidence of each ray on the cell.  The 
areas under Curves l~ and l~ are proportional to the total absorptive paths within 
the front and back halves of the cell respectively. E.  S.  CASTLE  55 
III 
As light passes through the cell, it is absorbed at a  rate determined 
by the value of the absorption coefficient.  In order that more light 
may be absorbed in the far half of the cell, the intensity of light reach- 
ing that half must  not be too low.  This means that in  cells of the 
type which  exhibit  positive phototropism  the  absorption  coefficient 
cannot exceed a certain critical value.  The rest of this paper is given 
over to a  solution for such critical values of absorption coefficient, and 
to a discussion of their meaning? 
Let I0  -- intensity of light incident on all points of the front of the cell 
/1  =  intensity of any one ray at boundary between  the front and  back 
halves 
I~ --- intensity of any one ray at the back wall 
11  --- length of any one light pathway in front half 
h  =  "  "  "  "  "  "  back 
a  =  absorption coefficient of absorbing substance 
Now for any one ray of light, 
and 
~a h  11 ---- Io e 
--a II 
I2  ffi  I1  e 
The light absorbed from this ray in the front half of the cell is therefore 
Io  -  I1  =  Io  (1  -  e -aZ') 
and that absorbed in the back half is 
I1 -- I2 ffi I0 (e  -azl -- e  -a(h+h)) 
Since we are concerned with the total  absorption of light in each half 
of the cell,  the situation is not as simple as the foregoing treatment 
implies.  In  the first place,  the loss of intensity by reflection at  the 
front surface of the cell must be corrected for.  Fresnel's formula was 
used to compute the loss of intensity by mirror-like reflection for each 
ray: 
sin~ (i -  r)  tan~ (i -  r) 
/reflected  ---- ~ a~  +  sin* (i +  r)  tan* (i +  r) 
1  It  is assumed that the effect of continuous light in producing phototropism 
is directly proportional to the intensity.  The actual rate of the process which 
takes place in continuous light--presumably a sustained "softening" of the cell 
wall--and its relation to intensity are not known. 56  POSITIVE  PHOTOTROPISM  OF  PHYCOMYCES 
where 
a  =  amplitude of incident light 
i  =  angle of incidence at front of cell 
r  =  angle of refraction at front of cell 
The calculated percentage losses are given in Table I.  They become 
large  with  values  of  i  greater  than  50-60 °.  They  are  probably 
slightly less than the real losses, since the refractive index of the cell 
wall is presumably higher than 1.38.  Furthermore, a slight additional 
loss of intensity by diffuse reflection is neglected. 
TABLE  II 
Calculation of absorption in front and back quadrants of the cell, for representa- 
tive rays shown in Fig.  1 A.  The cell radius is taken as 0.04 ram.,  ~  as 4.  De- 
tailed explanation in the text. 
Angle of 
incidence 
d~gr$e$ 
0.0 
11.7 
23.8 
37.0 
44.5 
53.4 
64.3 
72.3 
76.0 
90.0 
Sin i 
0 
0.203 
0.404 
O. 602 
O. 701 
0.803 
O. 901 
O. 953 
0.970 
1.0 
h 
0.0400 
0.0392 
0.0370 
0.~26 
0.0295 
0.0252 
0.0191 
0.0141 
0.0116 
0 
mm. 
0.0400 
0.0400 
0.0397 
0. 0394 
0.0396 
0.0404 
0. 0418 
0. 0460 
0. 0506 
0.0551 
Reflection 
loss 
~CT ~e~ 
2.6 
2.5 
2.6 
2.9 
3.3 
4.6 
9.6 
18.3 
26.0 
100.0 
Io 
0.974 
0.975 
0.974 
0.971 
0.967 
0.954 
0.904 
0.817 
0.74O 
0 
0.831 
O. 833 
0.840 
O. 850 
O. 859 
O. 863 
O. 838 
0.772 
O. 707 
0 
0.710 
0.712 
0.718 
0.726 
0.733 
0.737 
0.710 
0.643 
0.578 
0 
.r  o m  ~1 
0.143 
0.142 
0.134 
0.121 
0.108 
0.091 
0.066 
0.035 
0.033 
0 
11  -  h 
0.121 
0.121 
0.122 
0.124 
0.126 
0.126 
0.128 
0.129 
0.129 
0 
Knowing for each ray the value of Io corrected for loss by reflection, 
and assuming particular values of a, the next step is to calculate 11 and 
12  separately for the rays  shown in the diagram  (Fig.  1 A),  and  to 
summate for  the  two  quadrants  of  the  cell  the  quantities  of light 
absorbed.  This procedure, while laborious, is direct, and unavoidable 
in the absence of a complete equation taking into account surface reflec- 
tion and absorption within two halves of a  cylindrical lens.  Since/i 
is a function of the cell radius, more light will be absorbed in the front 
half of a large cell than of a  small one.  The following computations 
have  been carried  out for a  cell of average  size,  the diameter being E.  S. CASTLE  57 
taken as 0.08 ram.  Real values of ll and l, for this cell are obtained 
by dividing the corresponding, arbitrary lengths in Table I  by 250. 
Table II illustrates the calculations in a  typical case when a  =  4. 
For the sake of simplicity, not all the light rays shown in Fig.  1  A 
are included.  The intensity incident on all points of the front half of 
the cell is taken as 1.  Column 6 gives the fraction of this intensity 
which enters the cell, obtained by subtracting the reflection loss for 
each angle of incidence from 1.  Columns 9 and 10 give the amounts 
of light absorbed from each ray in the front and back quadrants of the 
cell respectively.  These figures are plotted against sin i, and the areas 
under the two curves measured with a planimeter.  The ratio of the 
two areas gives the ratio of light absorbed in the two quadrants, and 
TABLE  III 
Ratio of light absorbed in the back half of the cell to light absorbed in the front 
half, as a function of the absorption coeificient.  The cell radius is taken as 0.04 
Inm. 
1 
4 
8 
16 
Absorption  in back half 
Absorption  in front half- 
1.22 
1.08 
0.95 
0,70 
therefore in the two halves, of the cell.  In this particular case, when a 
=4 
Light absorbed in back half  (I1  --  I~)d  sin i 
--  1.08 
Light absorbed in front half -- It 
(z0  I1)d sin i 
Table III shows how this ratio varies with the absorption coefficient. 
Calculations similar to those illustrated in Table II were carried out 
for several values of a.  With low values of a  the ratio of light ab- 
sorbed in the two halves is greater than unity, which means that there 
is  greater photochemical action in  the back half of the cell.  As a 
increases,  the  ratio  becomes progressively smaller,  reaching  1  at  a 58  POSITIVE PHOTOTROPISM  OF PHYCOMYCES 
critical value of a which corresponds to equal absorption of light in the 
two halves of the cell. 
Fig. 3 shows the ratio of light absorbed in the two halves of the cell 
plotted against a.  The horizontal line through the ordinate 1 cuts the 
131  ! 
1.2 
*-- Intercept  -  1.26 
11 
I 
1.o 
o.o 
0.7 
0.6 
0  2  4  6  8  10  12  14  16  18 
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FIG. 3.  Plot of the ratio of light absorbed in the back half of the cell to that 
absorbed in the front half, as determined by the absorption coefficient.  The curve 
is for a typical cell having the radius 0.04 ram.  For this cell, a must be less than 
about 6 if more light is to be absorbed in the back half.  The ordinate intercept 
1.26 is the greatest differential  absorption possible  for cells of refractive index 
1.38 in air. 
curve at the critical value of a  for equal photochemical action in the 
two  halves.  With  a  cell  of  diameter  0.08  ram.,  this  value  of  a  is 
slightly greater than 6.  As a  approaches zero, the amounts of absorp- 
tion become less and  less,  their ratio approaching  the limiting value ~.  s.  CASTL~  59 
1.26.  This is the ratio of the summated light paths in the two halves 
of the cell.  It evidently represents the maximum differential  absorp- 
tion  of  light  possible  in  a  cylindrical  cell  of  refractive  index  1.38 
illuminated with parallel light from one side in air.  A cell of diameter 
0.08 mm. must therefore possess a finite value of absorption coefficient 
somewhere  between  0  and  6,  in  order  that  greater  photochemical 
action may result in the far half. 
For cells of different diameter, a family of curves similar to the one in 
Fig.  3  is obtained,  all  having  the  same ordinate  intercept.  Curves 
for cells of diameter less than 0.08 mm. have a  smaller slope, and cut 
the dotted line  through  the  ordinate  1 farther  out on  the  abscissa. 
Curves for larger cells have a  steeper slope and intercept  the dotted 
line at values of a less than 6.  The larger the cell, therefore, the smal- 
ler this critical value of a  for equal photochemical  action in the two 
halves of the cell.  In  the absence of direct measurements, it cannot 
be assumed that  cells of all  sizes contain  the  same concentration  of 
pigment.  If they did, the actual value of a  in all cells would have to 
be less  than  the  smallest  critical  value  found  for  the  largest  ceils, 
since all show positive phototropism. 
Up to this point the partial reflection of light back into the sporan- 
giophore at the back wall has been neglected.  In Fig. 1 B  the second- 
ary rays reflected from  the back  wall of  the upper  quadrant  of  the 
cell are drawn.  Fresnel's formula cannot be used to calculate rigor- 
ously for each ray incident  on the back wall the  intensity  reflected 
back into the cell, in the way in which the reflection loss at the first 
interface  was  calculated,  because  the  light  which  was  originally 
refracted into the cell was polarized to a variable extent depending on 
the  angles  of  incidence  and  refraction.  Use  of  Fresnel's  reflection 
formula as given above presupposes that the light is unpolarized. 
A rough indication of the amount of light absorbed following  partial reflection 
from the back wall may be obtained by neglecting this polarization effect, and by 
solving for the amount of absorption occurring in one typical, reflected ray. 
Let I0 = intensity of refracted ray entering the cell 
I~  --  ' .......  at back wall 
18  -~  "  "  ray reflected from back wall 
14  =  "  "  reflected ray where it passes into the front half of the cell 
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ll  -- length of path of refracted ray in front  half of the cell 
12  =  "  ~"  "  "  "  "  "  back  "  "  "  " 
13  =  ' ....  '  "  reflected  .............. 
14  =  "  "  "  "  "  "  "  front  "  "  "  " 
Then additional light absorbed in the back half of the cell will be 
l~-I,=  I,(l-e  -~t') 
and additional absorption in the front half of the cell will be 
I,  -  16  =  Ia  (e-'*  l,  _  e-a(h  +  h)) 
Computations have been carried out for a typical ray incident on the front of the 
cell at an angle of 48.4  °, where the cell radius was taken as 0.04 mm., a  as 1, I0 as 1, 
and the partial reflection from the back wall as 3 per cent.  Under these circum- 
stances the other quantities are as follows: 
li =  0.0276 mm.  I2  =  0.9346 
12  =  0.0399  "  13  =  0.0281 
13  =  0.0540  "  I,  =  0.0266 
14  =  0.0165  "  Is  =  0.0261 
Amount of light absorbed prior to reflection =  I0 -/2  =  0.0654 
....  reflected light absorbed  =  13  -  I5  =  0.002 
Reflected light absorbed in back half of cell =  18  -  14  =  0.0015 
"  "  ....  front  "  "  "  =14-I~  =0.0005 
In the case of this typical ray, three times as much reflected light is absorbed in the 
back half of the cell as in the front, if further reflections are neglected.  Yet the 
reflected light which is absorbed is only 3 per cent of the absorption which takes 
place in the refracted ray prior to reflection. 
The  net  effect of the reflected light is therefore to increase slightly 
the photochemical action in the back of the cell relative to that in the 
front.  This  action  serves  to  lower  slightly  the  critical  values  of 
absorption coefficient which have been derived. 
Iv 
Since protoplasm  is not  optically homogeneous,  it is  evident  that 
light passing through it undergoes some loss by scattering, even though 
a  cell  of  Phycomyces  in  air  converges  much  light  to  a  sharp  focus 
behind  the  cell  (cf.  Castle,  1933).  Some  of  the  scattered  light is 
absorbed,  and  the  effect  of  the  scattering  and  secondary  absorption 
is to  increase  the  apparent  value of  the  absorption  coefficient of the E.  s.  CASTL~  61 
intracellular pigment.  As solved for in the previous section, ~  there- 
fore  represents  the  absorption  coefficient  of  the  pigment  plus  an 
undetermined factor for scattering. 
It has been shown that if l is measured in millimeters, for a  cell of 
diameter 0.08 ram.  a  must be less than  6,  the  approximate  critical 
value for equal photochemical action in the two halves of the cell.  It 
cannot be said on the basis of the present measurements how much 
less than  this a  is.  Because of the small dimensions of the optical 
system  of  the  cell,  rather  high  values  of absorption coef~cient are 
compatible with the occurrence of positive phototropism. 
Bending of a cell of the Phyco~yces  type is surely due to a difference 
in the extensibility of the wall on opposite sides of the cell.  With high 
turgor pressure as a  driving force, a  slight difference in extensibility 
between opposite walls of the cell will lead to marked curvature.  The 
mechanism outlined in this paper makes possible under the conditions 
described the absorption of light in one half of the cell up to an amount 
1.26 times that in the other half.  It is interesting to compare in this 
connection the observations of Massart  (1888), who found that cells 
of Phycomyces  placed between two sources of light opposed at  180" 
bent perceptibly toward  the  higher intensity when  the  ratio  of in- 
tensities on opposite sides of the cells was 1:1.18. 
It might still be objected that apart from photochemical considera- 
tions, the mere concentration of light in the far half of the cell shown 
in Fig. 1 A  might somehow bring about a larger growth response than 
in the nearer half, by virtue of an anomalous sensitivity to the higher 
intensity.  There is no evidence to support this idea.  It is, in fact, 
shown incorrect by an ingenious experiment of Buder (1920).  Spor- 
angiophores placed in parafl~ne oil  (refractive index  =  1.47)  exhibit 
negative phototropism, or bending away from a single source of light. 
Fig.  1 C  is a  diagram of the probable light paths within such a  cell 
surrounded by  a  medium of  higher  refractive  index.  Under  these 
circumstances the cell acts as a dispersing lens.  No "concentration" 
of light occurs in the half of the cell nearest the light, yet a  greater 
acceleration of growth takes place there.  Buder's experiment there- 
fore strongly supports the present view that the longer total path of 
light rays through the protoplasm of the  far  half  of  the  cell is the 
significant factor in the phototropism of relatively transparent  cells. 62  POSITIVE  PHOTOTROPISM OF  PHYCOMYCES 
If the method of analysis used in developing the theory of differential 
absorption of light within two halves of a cell is correct, plane polarized 
light might be expected to be more effective in producing phototropic 
bending when polarized in the plane of incidence than at right angles 
to it.  The amount of light entering the front of the cell should be 
greater when the vibrations of the incident rays are in the plane of the 
paper in Fig. 1 A  than when the vibrations are perpendicular to that 
plane, although the energies of two such beams of light may be identi- 
cal.  Furthermore,  the  ratios  of  absorption  in  the  back  and  front 
halves should be significantly different in the two cases. 
SUMMARY 
A  physical basis is demonstrated, in the case of a  cylindrical cell 
iUuminated with parallel light from one side, for greater photochemical 
action in the half of the cell farthest  from the  source of light, when 
the cell is surrounded by a medium of refractive index less than that of 
the  ce11.  Factors  governing the balance  and magnitude of unequal 
action of light in the two halves of the cell are:  the refractive index 
of the cell, the cell radius, and the absorption coefficient of the intra- 
cellular  pigment.  A  limiting  value  of  absorption  coefficient is  de- 
duced which cannot be exceeded in cells of a  particular size showing 
positive  phototropism.  In  terms  of  this  mechanism  the  positive 
phototropism of Phycomyces in air is explained. 
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